Tin (Sn) amine protocol (SnAP) reagents are simple building blocks used for the direct transformation of aldehydes and ketones into saturated five-to nine-membered N-heterocycles such as substituted unprotected pyrrolidines, (thio)morpholines, piperazines, piperidines, oxazepanes, and diazepanes (Scheme 1). 2 The SnAP protocol is distinguished by a broad substrate scope tolerating aromatic, heteroaromatic, and aliphatic aldehydes, including substrates bearing various functional groups such as unprotected indoles, phenols, esters, nitriles, and halides under simple, robust, and consistent reaction conditions.
The key C-C bond forming reaction featured in SnAP chemistry relies on the addition of an organotin species to an imine, an underutilized transformation because of the poor electrophilicity of unfunctionalized and therefore unactivated imines. Circumventing the poor electrophilicity of imines through the use of an intramolecular reaction and avoiding the fundamental problems that are associated with the addition of strong nucleophiles to C=N functionalities, e.g. aza-enolization or poor functional group tolerance, 3 SnAP reagents with their -heteroatom C(sp Circumstantial evidence, including the reluctance of chelating imines as 3 to participate in the reaction (Scheme 2, a) and the ability to conduct the SnAP chemistry under photocatalytic conditions, 4 strongly supports a radical mechanism. We have therefore favored a mechanistic scheme for the Cu-promoted reactions in which Cu II acts as a one-electron oxidant. 2a While this radical-based mechanism for the SnAP reagents rationalizes most of the observations, further studies were required to strengthen our proposal.
We have previously shown that substoichiometric amounts of radical inhibitors such as BHT or TEMPO retarded the reaction and alkoxamines arising from possible intermediate radicals were obtained by using stoichiometric amounts of TEMPO. 2a With use of SnAP M for the preparation of morpholines rather than SnAP TM for the preparation of thiomorpholines as in our original publication, the 
Letter

Syn lett
radical inhibitor experiments were repeated here by using SnAP reagents with lower oxidation potentials (Scheme 2, b) and similar results were obtained.
Although the observation of alkoxyamine adduct 5 from the addition of TEMPO is indicative of a radical process, it could also arise from an unproductive side reaction, such as the disproportionation of an organo-copper intermediate after transmetalation or trapping of an oxonium after further redox reactions. 5, 6 Baerends, for example, has shown that CuX 2 •TEMPO can behave as an ionic electrophile by single-electron pairing of CuX 2 and TEMPO forming a reactive oxidant that releases Cu(I) and a nucleophile-TEMPO adduct after the reaction with a two-electron nucleophile. 7 The isolation of such an adduct might therefore represent a side reaction that is not connected to the productive Cu(II)-mediated conversion, emphasizing the need for additional experiments aimed at elucidating the mechanism of the SnAP reaction.
Furthermore, a Lewis acid-mediated mechanism can be excluded on the basis of the aforementioned experiments and failure to afford the desired product in previous experiments. However, investigations aimed at separating Lewis and Brønsted acid mechanisms needed to be carried out to further exclude a polar mechanism because Cu(OTf) 2 with its weakly coordinating counterions is known to be a source of triflic acid (TfOH) acting as a Brønsted acid under conditions proposed to involve metal catalysis. 8 In this report, we describe our investigations into further separating H + -and Lewis acid-mediated mechanisms from a reaction pathway involving single-electron species with a radical clock SnAP reagent aimed to trap possible intermediate radicals further down the reaction after a successful cyclization.
As a Lewis acid-mediated mechanism was excluded in earlier experiments, 2a,b investigations aimed at elucidating the possibility of a Brønsted acid-mediated SnAP reaction mechanism were carried out ( Table 1) .
The standard SnAP reaction ( Table 1 , entry 1) involves the addition of stoichiometric quantities of a weak base, 2,6-lutidine, that is proposed to act as a ligand and form the active copper species. Leaving out 2,6-lutidine, which could interfere with a potential Brønsted acid-mediated mechanism, resulted in a decreased yield of the desired product 7 (entry 2). Furthermore, other Lewis acids known to be a source of triflic acid 8 were unsuccessful in mediating the SnAP cyclization leaving Cu(OTf) 2 as the sole active mediator under these conditions (entries 2-5). To further dismiss a Brønsted acid-mediated mechanism, the addition of excess 2,6-di-t-butylpyridine, a weak base that binds protons but is unable to coordinate to metal centers because of the sterically demanding t-butyl groups, 9 only retarded the reaction, affording the desired product in moderate amounts (entry 6). Experiments in which TfOH was used in place of 
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Cu(OTf) 2 afforded some product (entries 7-10). Although Cu(OTf) 2 is known to be a source of slowly released TfOH in certain protic reaction media, there seems to be no correlation between the addition of TfOH at the beginning of the reaction or over the course of it (entries 8-10). This indicates that, although some product formation through a H + -mediated mechanism could occur, on the basis of our current understanding we exclude polar mechanisms as the principal source of product formation.
Excluding a Lewis or Brønsted acid-mediated mechanism, we started looking more closely into the idea of Cu(OTf) 2 acting as an oxidant, as proposed in the seminal SnAP publication. 2a The main side product isolated seems to arise from intermediates in which the C-Sn bond was oxidized to give an oxonium (Scheme 3). A free radical intermediate, which could arise through direct C-Sn bond oxidation or the disproportionation of in situ formed organocopper intermediate after transmetalation (rather than the involvement of a polar two-electron species), was further supported through the loss of stereochemical information in reactions using -bis substituted SnAP reagents. Racemic SnAP reagents bearing both a heteroatom and an alkyl substituent next to the organostannane group undergo stereoconvergent cyclizations in combination with enantiopure PhBox ligands.
2e Likewise, enantiomerically enriched -bis substituted SnAP-eX reagents afforded racemic 2,3-disubstituted piperidines by using the standard conditions. 2f Scheme 3 Side product formation through an oxidative mechanism. a Dimeric structures were not detected in the crude 1 H NMR spectrum as confirmed through independent synthesis (see Supporting Information).
Organostannanes are known to undergo bond fragmentation upon one-electron oxidation giving an organic radical and a stannylium cation fragment, 10 ,11 a fragment that was previously isolated as the HFI -adduct 4.
2e Not surprisingly, unsymmetrically substituted stannanes would lead to the formation of the most stable organic radical upon such oxidative fragmentations affording an -heteroatom-stabilized alkyl radical by using SnAP reagents. Therefore, the postulated mechanistic picture (Scheme 2, b) in which the C-Sn bond is oxidized through a Cu(II) species is proposed to involve an -heteroatom-stabilized carboncentered radical. Such a radical is proposed to react in an intramolecular reaction with the imine LUMO being located on the azomethine carbon forming a nitrogen-centered radical.
Trapping of such an open-shell intermediate would provide strong support for a radical cyclization. On the basis of this assumption and to provide further evidence that a free radical intermediate is generated during the SnAP reaction, radical clock experiments aimed at trapping the proposed nitrogen-centered radical were conducted. With the knowledge that the addition of N-centered radicals onto alkenes in general is relatively slow, fragmentations that produce a relatively stable imine -bond were investigated over the addition of N-centered radicals onto olefins. 12 To make sure that our radical indicator reactions are fast enough to compete with processes that intercept the proposed intermediates, an SnAP reagent for nitrogen radical fragmentation with known fast kinetics was designed. 13 The unsubstituted cyclopropane analogue was synthesized in a short reaction sequence (Scheme 4). Starting from 1-amino-1-cyclopropane carboxylic acid, reduction, nitrogen protection, alkylation, and deprotection provided radical clock SnAP morpholine 14. To examine our hypothesis, an imine formed from the radical clock SnAP reagent 
was employed under standard SnAP cyclization conditions. As ring opening of the cyclopropane would afford unstable imine products, NaBH 4 reduction was performed on the crude material. Subsequent detection and isolation of ringopened products arising from either reduction 15 or oxidation 16 of the intermediate ring-opened radical reinforce the proposal of an open-shell SnAP cyclization (Scheme 5).
The structures of the isolated products were confirmed by their independent preparation (Scheme 6). The amino alcohol required for the synthesis of the vinyl SnAP reagent 23 was obtained through a diastereoselective addition of vinylmagnesium bromide to N-sulfinyl imine 18 14 followed by simultaneous amine and alcohol deprotection. Cyclization using SnAP morpholine reagent 23 under the same conditions as in the radical clock experiment afforded cis-2,6-disubstituted morpholine 16, confirming the structure of the ring-opened product isolated from the radical clock experiment (Scheme 6, a). Furthermore, SnAP 3-Vinyl M 23
demonstrates for the first time that the proposed nucleophilic -heteroatom-stabilized radical preferentially reacts in a 6-endo-trig manner with a C=N double bond affording a stabilized nitrogen-centered radical which is preferred over the 5-exo-trig or 6-endo-trig addition onto an alkene. This is also observed for the preparation of medium-sized Nheterocycles with use of SnAP 3-Vinyl OA 24 by the 7-endotrig addition onto an imine which is preferred over the 5-exo-trig or 6-endo-trig addition onto an internal alkene (Scheme 6, b).
The structure of cis-2,6-disubstituted morpholine 15 was confirmed in a short reaction sequence by using 2-aminobutanol 26 (Scheme 6, c). By using a reported Ostannylmethylation procedure of -disubstituted aminoalcohols, 15b SnAP 3-Et M 27 reagent was prepared in one step (Scheme 6, c). With use of the same cyclization conditions as in the radical clock experiment, cis-2,6-disubstituted morpholine 15 was obtained in 82%, confirming the structure of the ring-opened product isolated from the radical clock experiment.
Finally, additional control experiments were performed to confirm that the ring-opened products are the direct results of a radical cyclization and subsequent cyclopropane fragmentation and test the stability of the cyclopropane scaffold under the reaction conditions applied (Scheme 7).
Destannylated starting material and side products arising from C-Sn bond oxidation were detected, but no ringopened products were observed when the radical clock SnAP 14 was subjected to the standard cyclization conditions without prior imine formation (Scheme 7, a). Substituting the labile Bu 3 Sn group in SnAP 14 to remove a potential source of unwanted side reactions and focus on the (Scheme 7, b) . No cyclopropane fragmentation was observed by using 29 either as the imine or as the secondary amine after imine reduction, again supporting our proposal of a radical-based SnAP cyclization.
Considering the above results and the additional properties of HFIP to assist in intermolecular electron-transfer reactions through stabilization of radical cations, which extends their lifetime and facilitates subsequent fragmentations, 16 through an HFIP nucleophile-assisted cleavage of a stannane radical cation, 17 also seen in organosilane-cation radicals, 18 strong support is found for the current proposal of a radical cyclization using SnAP reagents (Scheme 2, b). The fact that little conversion is observed without the addition of HFIP 2a and the finding that Bu 3 Sn-OCH(CF 3 ) 2 4 is formed in a 1:1 ratio to the desired N-heterocycle 2e further reinforce this mechanistic proposal, which might also be driven by the formation of the thermodynamically strong Sn-O bond (ca. 550 kJ mol -1 ) vs. Sn-C (ca. 235 kj mol -1 ) that could facilitate fragmentation. 19 In conclusion, several observations documented in these studies are consistent with the initial mechanistic proposal of the SnAP protocol as a radical-based method. 20 As Cu(OTf) 2 is known to be a source of triflic acid, investigations on the role of a Brønsted acid-mediated mechanism allowed us to exclude this, as well as a Lewis acid-mediated process. Taken together, the further evidence of the radicalbased nature of SnAP chemistry will guide ongoing efforts to develop new variants and selective catalysts. 
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